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Micromegas with *°B layers

Due to the so-called 3He shortage crisis, many detection techniques used
nowadays for thermal neutrons based on alternative converters.

Thin films of 108 or 1084C are used to convert neutrons into ionizing particles

which are subsequently detected in gas proportional counters but only for small or
medium sensitive area so far.

The micro-pattern gaseous detector Micromegas has been developed for several
years in Saclay and is used in a wide variety of neutron experiments combining high
accuracy, high rate capability, excellent timing properties and robustness. We
propose here a large high-efficiency Micromegas-based neutron detector

with several 1084C thin layers mounted inside the gas volume for thermal

neutron detection.
The principle and the fabrication of a single detector unit prototype with overall

dimension of ~ 15 x 15 cm? and a flexibility of modifying the number of layers of
1 OB4C neutron converters are described and simulated results are reported,

demonstrating that typically five 1084C layers of 1-2 um thickness can lead to a

detection efficiency of 20-40% for thermal neutrons and a spatial resolution of sub-
mm.

The design (bulk/microbulk) can be well adapted to large sizes making possible
the construction of a mosaic of several such detector units with a large area
coverage and a high detection efficiency, showing the good potential of this novel
technique.



Two-region gaseous detector
separated by a Micromesh

Micromesh

Microstrips
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» Charge drift towards A.R.

*  Amplification region
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keeping the gap constant ~100 pm gap

Ni or Cu micromesh + pillars on PCB
Self-supported copper micromesh
« bulk » and « micro-bulk » technologies

Recent InGrid techniques : mesh over Si pixel

Micro Mesh Gaseous Structure, Y. Giomataris, Ph. Rebourgeard,
J-P Robert and 6. Charpak, NIM A376, 1996, p29 (CEA-biospace patent)
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Microbulk technology

Readout plane + mesh all in one / -

Kapton 50 um
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I-\\\\\\‘Beadoutpads

MICFObU|k MICFOmeQaS Lower Capacitance
The pillars are constructed by chemical processing of a Under development
kapton foil, on which the mesh and to the readout plane are + et fol (50, both s Cocoted —
attached. Mesh is a mask for the pillars! (5 pm) =====
i , > Construction of readout strips/pads E
Typical mesh thickness 5 um, gap 50/25 um | (photalithography)
] > Attachment of a single-side Cu-coated — e e
) kapton foil (25/5 ym) o
All advantages of a bulk Micromegas & enhanced performang' . * > Constructionof readout lines ===
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- > Photochemical production of meshholes ~  FE=========
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v Very flexible structure
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Design of a high-efficiency Micromegas neutron detector

Aim: to build a large area thermal neutron detector (1m?)

based on Micromegas at a reasonable price (<100k€) with
a high efficiency of detection (>50% at 25meV), a spatial
resolution of the order of 2x2mm, a time resolution for the
tagging of the neutron of the order of 1 us and a max
counting rate of the order of 1e° neutron/sec.

Neutron beam

Design of a single unit . cathode 20um A with 2-3um B C

> tests to be done on a small « Micromegas waven mesh (Ni) Imm
surface (7 x 7 cm?), single sided sided 2:3um B C
structure. - === C - - - ==
> 1-2cm thickness (stack of 2) Micromegas woven ghesh (Ni)
i ' 10 1mm
> With with 5 x B4C layers with 2 double-sided 2:3um B C
> With bqu-micromegas E O B O 'ESE BN B BN BN O EE =S

technology
A single’2-mesh detector unit || 1mm
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Back-to-back Structure | == == == = = = mm mm o= = -
Many modules can |
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efficiency




Electric field configuration - COMSOL simulations
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Electrons collection efficiency (E.C.E.)

- Garfield simulations
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Thickness optimization of a B C layer using FLUKA MC

I I I I [ I I I
04 | ~

AE LI * In FLUKA MC transport and interactions of neutrons

with energies below 20 MeV are handled by a
dedicated library.

« o and °H fragments from neutron capture in °Li and
9B can also be transported explicitly (point-wise
transport).

a Micromegas

scored at the gas

volumes

« Detection thresholds at: (1, 5, 10, 100 keV).
5 % A BE B OEE F A8 8 Prototype with 5 x 1OB4C layers



Event-by-Event E deposition spectra: beam on the Al frame with
En=0.025 eV, Eth =1 keV, 2um B,C, 1E6 primaries
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A “single 2-mesh detector unit”
» 2-3 ym of B,C gives the best efficiency

> Can record neutron efficiencies for thermal neutron beam energies (perpendicular beam) ~ 20%
> The aim is to build a detector capable of > 50% efficiency

A “2-double 2-mesh detector unit” (20 B,C layers)
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Design of the prototype




Meshes for '°B ,C layer production

Several 70x70 mm?, 1 mm thick,
stainless steel frames, on which are
stretched (made by electroforming) 2
types of Nickel mesh:

* 10% optical transparency

« 20% optical transparency

Huwﬂw\uﬂuh
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Tests at CEA — simplified reference geometry
Benchmark for simulations

Ne-C_H_ (90-10%)

 Anode Voltage: +480V - Drift (B,C plate) Voltage: at ground

 Mesh Voltage: +200V

15
« Seal mode operation > 2months! (No gas circulation...)



Simulation vs Data

- With the calibrated window (1in.x1in.)
made of Boron, the efficiency of micromegas
compared to He3 tube is : 5.05% (AmBe
source).

- With micromegas directly in a neutron
generator, the efficiency of micromegas
compared to He3 tube is : 4.3% (At
Schumberger lab).

- Good agreement with simulations
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NMI3 — Set up at CEA/Irfu

sl . -

SR N T

« Mesh - ground

e Drift - Filter - CAEN

« Anode - PA - CAEN

| « PA - ORTECRA - OSCI+PC
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NMI3 — Simulation vs Data
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NMI3 — feasiblility of the multi-layer structure

B4C deposition on different types of thin meshes
Ils) leading to an efficient neutron conversion and

The detector concept relies

(Nickel, stainless steel, or ¢ /&
on the transport of the charg@%“

stage . \ |
A
A campaign of 10B4C sputt done at Link6ping, where 5 um thick, 10 and 20 %
1 both sides with a 1.5 um thick LOB4C layer.
pe above a bulk-micromegas amplification stage to

eutron source.

optical transparent Nickel m ‘
One of these meshes was aﬁ

perform a series of measurer.

The next step was to a
aluminium end plate to mea
1084C layers.

1 OB4C, Ni mesh, and having a single-coated
contributions on the counting rate from each of the 3

e B4C
—3 Vd2 =-325V
1Imm
FRRMMRNENEEEAREMNNE4E 2 Vdl=-320V
1 mm H
ss¥ssmssmssmssmnnmunn Vm = -300

Va=0V

L '

 Transmission from 1 but NOT from 2,3 ??




* Increasing the applied vo/tagiand doubling the thickness of the top layer I

s e — —
Vd2 = -650 V vd2 =-700 V
’ ARSI FaRE R \/d1l=-675V Vdl =-675V
Imm | m |

st AN EEEEEEEENEEENENER Vm=0 EE EEEEEEEEEEEENER Vm=0
V- Va =400 V Va =400 V
M-

|
h “ Total Rate ~ 12.4 Hz UEEY REND = Pl 7

; i i TR o B

Reeachy ] [ Pramchy = (o]

Data measured during 1h with inverted drift voltages to get contribution from the double-coated middle-bottom layer
(1 x B4C layer) (left plot ) and from all 3 x B4C layers without inverting the drift voltages (right plot).

« The principle of the multi-la structure works!

« Measured total rate agrees, Bl ctrons not...

« The ratio of the fields taking in
regions is extremely high ~25 ¢ ared to F = 5 that was used in the electric field 21



Testing different gas mixtures

Vd2 = -425 V (-375 V)

| Vdl =-400V
" 1 mm H

o A AN EEEEEEEEENEENE Vvm=0
‘ Va=410V
R=37.69 Hz, HFl Hz

)
it -
Wy,

-----

He - CF , (50%) shpanicdagaramy VL7400V
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|

l
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ful study of the nickel
nsparency) with a

aled that its
pm compared

unfortuna niting by far the
flexibilityy/ rmance of our
detector.

New nickel meshes 5 um thick
are ordered and expected to be
delivered very soon.




Simulation / box model (garfield-nebem)

V2 =-950 V

Gas. C,Hg 107, Ne 807, T=300 K, p=1 atm
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E
« we are waiting for coating e 5um meshes to continue on bulk

measurements at with a neutron beam at
2015) 24

« Waiting for that, we perfo
the Orphée reactor (Dec



Set-up at the Orphée reactor




Measurements with a neutron beam at the Orphée reactor
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Towards . Implementing the microbulk technology

2 gas layers
4 x B, layers (2um)

using FLUKA MC
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2 X 4 detectors units 9 935 /avers

16 x B,C layers (2pum)
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Multi-Microbulk Detector

* So, Nickel coated Microbulks
seems it is the good way to
proceed.

« Easy to make a mosaic

* No transmission problems

» Better spatial resolution
* More electronics

» Evaluation of the cos
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Summary &

ept for a cost-effective, high-
n detector: a compact stack of
es with a micromegas gaseous

» The principle of th

« Irfu/LLB - Inn multi-layer structure

efficiency, large
multi-stages '°B
amplification.
 Simulations: \
detector units, “

BUT #electrons not...

 double 2-mesh or 3-mesh ,
ciency is 49% and 57% \ :‘ ‘ ness of the Ni meshes

respectively. W i It of the full detector with respect to in e elcciron

the neutron beam, cies are as high as 57% (2-mesh

structure, 20 B ( 64% (3-mesh structure, 28

°B,C layers).

-
* A prototype w
cm?® gas chamber
above a micromeg:
standard bulk-micr
micromegas.

d built: a modular 15x15x2 * We are waliti Ing of the 54 m meshes to

to 4 meshes can be stacked
ation structure, either a
or a Kapton micro-bulk

continue on bulk

* Waiting for that, we did start to work on microbulk

* Micro-bulk micromegas - Innovative concept for a cost-
effective, high-efficiency, large scale neutron detector: a mosaic
of micro-bulk micromegas coated with 1°B4C.

 Simulations: By placing eight micro-bulk micromegas detector
units, the neutron efficiency is 40% and with a 45° tilt of the full
detector with respect to the neutron beam, efficiencies are as
high as 45% (16 *°B,C layers 2 um thick.).

« A prototype was designed and built: a modular 15x15x2 cm?
chamber in which up to 4 kapton micro-bulk micromegas can be
stacked

. Tests to deposit B C on Micro-bulk raw material are on going

showing that the Nickel coated Copper Micro-bulk is the good
way to proceed

30
« Start testing the prototype + funding a post-doc...
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Microbulk: 55Fe Calibration with Ar - 5% +sobuta‘né"'_ 12.1::.“.:.'_':':;;-:- i

Energy and spatial resolution & stability

Bulk: Spatial resolution
measurements for the

Bulk: 55Fe calibration with Ar - 5% isobutane MAMA project (sLHC)
- opM = (2427) pm .25 mm pitch

@ 1 bar FWHM @ 6 keV = 17.6 %

EenlTH1D i

2501 Micup = {131 [.1)m
Signin = 3T 2 0 kin

T O TS i T, i b

: ot et s - ouM = (36+5) pm, .5 mm pitch
Fit] 40 o0 =0 100 120 140 1EK 18D 00

Chanrsi g asf
= |

@ 1 bar FWHM @ 6 keV = 11.5 %

gnsﬂmi— - r . -

fE

-ES!BM;—

jomarE _ .
:::-_Mlcmmegas in CAST {2003 .2013):
amé Excellent Iung term stabllltyi

Microbulk: Image
taken using a
collimator with the
words “axion cast”

32



Micromegas app//cmns

COMPASS
41]14!] cm2 Mlcrnmegas

1] Bouchez et al NIM AS?tl 425- 432 2007

ATLAS @ sLHC: iarge + reliable detectors

1DDD m? nfmgetector 2 wheels of 125 m? quadruplets T




Micromegas applications
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e reutres aam masitanng o

— S S W —. | 1

-‘ -E_.. .. .ﬁ'_ ——— :
hosizantal posiion {cm)

aamerered ek
(1.5 @wm + 1 nm)

Microbulic
w4+ lapion

BINMT R 3 'r”” e — —— —— ﬂrﬂm ;

i |-

MepRronainil | TelF praime

E
=]

i

1

L bksmera iy S0




The bulk lab @ SEDI, CEA Saclay

r Oven | Vacuum press |

r:._' =

|

S

"“1..
“

1 I
-
E ey

1,:..:...

! Mesh stretching
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The bulk-micromegas Top 500 um pilar [

* A woven micro-mesh is embeded between 2 layers of photo-imageable |
material. Amplification gap of 128 um is standard, 104 pm should be
ok, 64 um is tricky

* No farme, no mechanics =2 % level dead zones

* Up to 40x40 cm? is standard

Base Material Copper segmented anode
* Robust, Industrial process (IR, pra

R

Lamination of Vacrel

My Photo-imageable

polyamide film
Positioning of Mesh Stainless steel
lﬂlﬂlﬂ'l'l'l'ﬂl'ﬂ'ﬂﬂ'ﬂﬂﬁ woven mesh
Encapsulation

Border frame

Development Spacer
!!H!Z!}!!1!?!5!!!!””!!!:1 f Contact to Mesh

Ref: 1. Giomararis exal, NIM AS60 (2006} 405
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"] The micro—bulk micromegas

Lk el | Ao Brlledine

o N
I rl Same manufacturing techniques as GEM :

Copper & Kapton etching of a copper cladded Kapton l - o

E)I_'IJZHJ:]'JIILIILI—-
l__T_T_T_T__I\

Readout anode
@ CEA-CERN Patent 09 290 285.0 (2009) Lower capacitance
Under development
»  “All-in one” structure
mesh+anode 11% FWHM at 5.9 keV
* Excellent Energy resolution . Ar +5% Iso at 1 bar

11% FWHM @ 5,9 keV, 6 % @ 22
keV,1,5% @ 5 MeV)

» Good uniformity

» Low materiel budget detector

* Flexible structure

» Low intrinsic radioactivity

* Fabrication process still improving

* Fragile Better mesh transparency &
* Limited sizes (<100 cm?) 12 pm gap under development

Ref: 5. Aune et al. NIM A 604, 15-19, 2009
S. Andriamonje et al. JINST 4, MPGD2009 conf. proceedings

alain.delbart @cea fr
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FLUKA vs Geant4 at Ethr > 10 keV

Event-by-Event E deposition spectra: perpendicular beam with En
=0.025 eV, 2um B,C, 1E5 primaries — 1 layer B C

3 T T I T T T = 100
cm, | | f/’ £ ! .
e am
‘TER =025 eV |
. m._ : | B= 1e-06
1 \GESZ CF ol B
5 7 : 4 3 1812
. B o o
L BI.!{ "n\_| | I ey [ 1616
L a0z 2] PRk a4 [a¥aT ol ] 0.1 5] IE:_FH stepW  Mmml Wmmd  Dimm) KingiMevl dEimey) Repleng TreckLenyg Hestvahame
VT YT Y
[ H E 10 1.5=0d [ a D wworld ineslep
enargy energy > 0.00001) R e e S ;'-..".'_-..T'“','r“,'f.".“.r
¥ hiimmp o8 8 1 rhedd & 9 U W anspoiks
250 Entrias 5o | 26 D 20403 L3EGE U Zevdd 20ie+03 CURDIwerld | l.r- 2t =
= W LoeOnean? B
: i = s oocoss| |- Effn:renr: =4, 1% EDEP |
- Efficiency = 4.6% .
a0 — ' E'Cﬂ'_— Entrias 4101
= ” Mean 0.5412
; r - ' RMS 02853
“E | 10 keV thr 150— [ Ll 4101
=i g | i_|1
100 — [
Ii. g U r Ir m—': al 1 G t 4
o\ FLUKA | 5 F Yy Gean
o ..r'.. SO | T -
& ' I 1
: '\J-LL“-\..'I B o Sy j I..-l"-\..-'h.-
':l;j 2.2 2 I.HI."IIJI i ur-‘lx; i i'lh l:lll.:'h ; .Jll.h.l"l:\-!- _I_Im:ﬂ_l_{I:JLLT_qﬂl.:D-J i L“':'-L?EW_I: l:lﬂ_l | |E.|2 o Ii.|‘1. L I|'_-I1'..'“ L1 Iu'j_ll-_l L1 |_.: H-L_T_;-L r"l-|-1:—' 4 lllH 1 J-.._I_1
GeV MeY/

11% discrepancy



Event-by-Event E deposition spectra: perpendicular beam on the Al
frame with En = 0.025 eV, Eth = 1 keV, 2um B,C, 1E6 primaries

Energy deposition in a converter layer B C

with 5 x °B C layer
Li" [ﬂlﬂISMeV}iz[ill?T?)]\-‘[/LV) % ”m B C

Reaction 0-Value =2.792 MeV (Lo ground state),

OB 4} 0
TLi" (at 0.840 MeV) + « (at 1.470 MeV)
Reaction (0-Value =2310MeV (1st excited statk) hiemp
- . Entries 105353
ol fentries e g0re
ooof 7 94%
E 1.02 MeV
12000 O
10000 7 480 keV
80005 1. ?8 MeV
u Neutron o % 47MeV
6000 |—
4000
2000
(0)74
D 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L | L L H 6 ‘/0
0 0.0005 0.001 0.0015 0.002 0.0025 D 003
energy
GeV
3
S
l —
o
_l —
A
=3
-0.05

Energy deposition in the gas

5000

4000

3000

2000

1000

2pmB,C

#entries

Total

He4d

[ N R T | | Ly L1 1

Entries
Mean
RMS

195815
0.0004776
0.000288

0 |

1 1
0.0002 0.0004

L I 1 Ll
0.0012 0.0014 0.0016 0.0018

0 ~0.0006 0.0008 0001
GeV
B Entries 43402
1200{— O 2 B C Mean 0.0007428
B . ” m 4 RMS  0.0002962
1000— Total
800 —
N He4
600 :—
N Li7
400— J
200 :—
Bt |

| - Ll
00002 0.0004 0.0006 0.0008 0.001 0.0012 00014 0.0016 0.0018 0.002

GeV




Event-by-Event E deposition spectra: perpendicular beam on the Al

frame with En = 0.025 eV, Eth = 1 keV, various B,C, 1E6 primaries
With 5 x °B,C layers

5000
Tum

Best efficiency

#entries
4000

'i—i"III|

3000

2000

1000

G L I I | I I L | 1 1
0 DDDD2 0.0004 DDDDE DDDDB DUEI1 DDU12 DDU14 D.DU1E 0.0018

GeV

@ The spectral changes as a function of '°B thickness are apparent.
Energy peak resolution is best for thin *°B films, whereas efficiency is highest for the
thickest B films.
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Efficiency in %: perpendicular beam on the Al frame  with 5 x 1OB4C layers

Thermal Neutron Detection Efficiency (percent %)

Thermal Neutron Detection Efficiency (percent %)

Thermal Neutron Detection Efficiency for various
detection energy thresholds

25

20 +

30+

25+

20

15+

10

Thermal Neutron Detection Efficiency for various neutron beam energies

with detection threshold at 10 keV

Detection Energy

Threshold
== 1keV

= SkeV
10keV
—dr— 50keV

—p—100keV

Thermal Neutron Detection Efficiency (percent %)

2 3 4 5 6

10B Film Thickness (microns)

Thermal Neutron Detection Efficiency for various neutron
beam energies with detection threshold at 1 keV
| and thickness of B4C at 2um

01 1

Neutron Energy (eV)

Neutron beam Energy
-B-0.01 eV

-4-0.025 eV
0.1 eV

=1 eV

0 1 2 3 4 5 6
B4C Film Thickness (microns)

A “single 2-mesh detector unit”
> 2-3 pym of B,C gives the best efficiency

> Can record neutron efficiencies for thermal
neutron beam energies (perpendicular beam) ~
20%
> The aim is to build a detector capable of
> 50% efficiency




Voltages [V] A “single 3-mesh detector unit” (7 B C layers)

ac Gas. CF, 100%, T=300 K, p=1 at
o o BRI T el Gos: CF, 100%, T=300 K, p=1 otm = a3 —
0.3 —
gm-1860 - { B gozs :
e 2t ] wo Bar: 0.01 cm -
Fo.2af 2 1 "Xooze 02 i
- s <o ] Te= Hole: 0.008 cm 1
(922 [ o.22t 1 L oie. U. C
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35% 53% 77%

Perpendicular beam on the Al frame with En = 0.025 eV,
Eth =1 keV, 2um B ,C — 7 layers, 1E6 primaries

_ sCd

- Enfries 253562
- ; Mean 0.0004784
10 Go00C RMS  0.0002881

5000

4000

Eff. 25.4 %

0.1 =000

2000
0.01
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a 0.0002 00004 00006 00008 0001 00012 00014 00016 00018 0002 00022
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A “single 2-mesh detector unit”
» 2-3 ym of B,C gives the best efficiency

> Can record neutron efficiencies for thermal neutron

A “double 2-mesh detector unit”

beam energies (perpendicular beam) ~ 20% (10B C Iayers)
> The aim is to build a detector capable of > 4
50% efficiency 2Um B4C
c3
3 10  smooob— Entrias : 320901
- . M 0.0004788
“Hentries R;asn 0.0002881
2 L ?c-nu:—
1 EL‘.{IDE—
1 =
5000 |- 0
il - Eff. 32.1 %
4000 P
o B o 31:-0[:5—
0.01 -
-2 - 2000 —
3 0.00 "°E
0.1 P P R R EU SR EPP o o PR PR BRI A
a 0.0002 0.0004 00006 Q0008 0001 00012 00014 00016 00018 0002 0.00Z2
eV
- eaen = ] T
M {.0004788
#entries RMS _0.0002883
2 - BOO0 —
1 -
1 — n
6000 Eff. 38.6 %
0+ 0.1
4I}DD_—
_1 ) -
0.01 -
-2 2000 —
0.001 B
01 0 01 02 03 04 05 06 07 0455007 0004 00008 00008 6001 0001 00014 00076 00018 0008 60022

Direction cosine of beam with y-axis: 0.707 => 45 degq.

GeV



A “double 3-mesh detector unit” (14 B,C layers)
2pm B,C

10000
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G000
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#entrie Mean 0.0004798
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scd
Entries 445729
entries Mean 0.0004788
RMS 00002584

Eff. 44.6 %

0.0002 00004 00006 00008 0001 00012 0.0014 00016 00018 0002 00022

eV

Direction cosine of beam with y-axis: 0.707 => 45 deg. 44



111 477
A "2-double 2-mesh detector unit” (20 B,C layers)
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A “2-double 3-mesh detector unit” (28 B C layers)

12000 —#entrle MEntries 4od582
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@™ @ RefN2mat_NiMeshNoCoated_Vm-0_Vd1-675_Vd2-650_VaPos400-4frame.bmp

Image Edit View Go Help

&= Previous =P Next a8 S

File View MCA Display Analyze DPP Help
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[ H E H E NN EE N EEENEEEEEENm le:-675v
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Total Rate ~ 0.66 Hz




M™% RefN2mat_NiMeshMoCoated Vm-0_Vd1-675_Vd2-685_VaPos400-4frame.bmp

mage Edit View Go Help
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File View MCA Display Analyze DPP  Help
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r 1 mm

500 Vm=20

E- :I H I I NN EEEEEEEENm Va:4OOV

Total Rate ~ 12.6 Hz
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@™ & RefN2mat_N6B4C20pc_Vm-0_Vd1-675_Vd2-685_VaPos400-4frame-1.bmp
mage Edit View Go Help
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Total Rate ~ 32.5 Hz

« Field Multiplication Factor: Vd1l = Va +F*(-10)*4 ==> f = 27




Cas: CaHs 10%,

Changing f with const thickness =7 mu: Ne,C2H6(10%)

Cas: CHs 10%, Ne 0%, T=300 K, p—1 atm

V2 =-320V , V2=-360V V1 =-350 -300

| A I |
©oooo
— N LW Bn

| LA ] STAY —A

iy
a3 -
e IS B

V2 =-510V

]

g = = -300

05

|
o oo
G T S

[WUL] SIXy—A
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Changing f with const thickness = 7 mu: CF4

Gas: CF, 100%, T=300 K, p=1 otm

V2 =-32

T T T T T T T T T T T

v2=-41

{ PR R (e A |
ooo0o
— M W N

=]
- 0O
1=

[WILJ] SIXY—A

0V vi=-310 m = -300

_ B
ov 741 I( = -300




Changing: ' thickness with const =5 — Ne,C2H6(10%)

Gas. CHg , Ne 80%, ™300 K, p=1 atm

V2=-360V V1 =-350

-0.5
-0.5 o
-0.4 —0.3
-0.3 0.
-0.2 ~o1
~0.1 <| &
0 = 0.1
0.1 X, 02
0.2 £ b
a.3 3 04
3




Changing thickness with const f=5 - Ne,C2H6(10%

—_— - - - - P

Gas. C,Hg 10%, Ne 90%, T=300 K, p=1 atm
Cas: CH; 107, Ne 80%, T=300 K, p=1 atm
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